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Abstract
We investigated the inﬂuence of the Stiles–Crawford eﬀect (SCE) of the ﬁrst kind on the contrast sensitivity function using the
apodisation model of the SCE. The SCE was measured for the right eyes of two subjects using an increment threshold technique
involving a two-channel Maxwellian-viewing system. Filters made of photographic ﬁlm neutralised or doubled the SCE. Contrast
sensitivities were measured with a 6 mm pupil diameter, defocus to 2D, and three SCE conditions (normal, neutralised and
doubled). Modulation transfer functions were derived after measuring transverse aberrations with a vernier alignment technique,
and were used to predict contrast sensitivity functions (CSFs). The measured CSFs were, in general, reasonable matches with the
predicted CSFs. In particular, both demonstrated deﬁnite undulations (‘‘notches’’) as defocus level increased. The inﬂuences of the
SCE-modifying ﬁlters were generally of similar magnitude and direction to predictions, thus supporting the apodisation model of
the SCE. The magnitudes of SCE inﬂuence between SCE-neutralised and SCE-doubled conditions were usually small at about 0.2–
0.3 log unit, with a maximum inﬂuence of 0.5 log unit. Inﬂuences of the SCE were greater for myopic than for hypermetropic
defocus. As measured by the CSF and an apodisation model, this study is in agreement with previous theoretical work and one
experimental study in indicating that the SCE plays a minor role in improving spatial visual performance.  2002 Elsevier Science
Ltd. All rights reserved.
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1. Introduction
The Stiles–Crawford eﬀect (SCE) of the ﬁrst kind is
the phenomenon by which light entering the eye through
the peripheral part of the pupil does not appear as bright
as light passing through the centre of the pupil (Stiles
& Crawford, 1933). This is a result of the waveguide
properties of the retinal photoreceptors, particularly the
cones (Enoch & Lakshminarayanan, 1991). This aﬀects
vision by reducing the eﬀective retinal illuminance (At-
chison, Scott, & Smith, 2000; Martin, 1954). Several
authors have suggested that it may improve spatial vi-
sion when pupils are relatively large, by ameliorating the
eﬀects of defocus and aberrations (e.g. Campbell, 1957;
Charman, 1979; Charman, Jennings, & Whitefoot, 1978;
Charman & Whitefoot, 1977; Legge, Mullen, Woo, &
Campbell, 1987; Tucker & Charman, 1975).
There have been several theoretical studies of the
inﬂuence of the SCE on image quality measures such as
the point spread function and the modulation transfer
function (Artal, 1989; Atchison, 1984; Atchison, Joblin,
& Smith, 1998; Atchison, Scott, Joblin, & Smith, 2001;
Carroll, 1980; Krakau, 1974; Metcalf, 1965; Navarro,
Santamarıa, & Bescos, 1988; van Meeteren, 1974;
Zhang, Ye, Bradley, & Thibos, 1999). In these studies
the SCE was modelled as a pupil apodisation (West-
heimer, 1959), in which the pupil had decreasing trans-
mittance from the centre outwards. For typical levels of
the SCE, small inﬂuences of the SCE only were generally
found. Atchison et al. (1998) used model eyes with
centred pupils and centred SCEs, having defocus and
spherical aberration as the only optical defects, with
zero to high levels of the SCE. They found that the SCE
had little inﬂuence on either the PSF or the MTF, with
the maximum eﬀect for the MTF and 6 mm pupils
amounting to 0.2 log unit. Atchison et al. (2001) found
that the SCE provided some compensation for the ad-
ditional aberrations induced by pupil decentration, but
this improvement was usually small.
Atchison, Scott, Strang, and Artal (in press) mea-
sured visual acuity when the SCE was neutralised
or doubled by appropriate optical ﬁlters that were
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conjugate with the pupil of the eye. A considerable in-
ﬂuence of nearly 0.3 log unit occurred for one subject’s
fully dilated pupil, but in two subjects the SCE’s inﬂu-
ence was not usually greater than 0.10 log unit for a 6 mm
pupil, which can be considered to represent the upper
limit of pupil sizes occur naturally in the photopic lu-
minance levels for which the SCE is at its most eﬃcient.
Rynders (1994) investigated the inﬂuence of the SCE
on the contrast sensitivity function, which is the visual
performance analogous to the MTF. He measured out
to 20 cycles/deg and to 2D defocus. One of his subjects
showed a maximum diﬀerence in contrast sensitivity
between SCE-neutralised and SCE-normal conditions,
with a 7 mm diameter pupil at 10 cycles/deg, of 0.4 log
unit but generally the diﬀerences were considerably
smaller (Fig. 1). For this subject and 3 mm diameter
pupils, the inﬂuence of the SCE was much smaller. In
the other two subjects, using 5 mm pupils, the inﬂuence
of the SCE was generally less than 0.2 log unit (5 mm
pupil, 10 cycles/deg).
The present study is a test of the apodisation model
of the SCE. Using MTFs determined from aberra-
tion and SCE measurements, we predicted CSFs and
compared these with measured CSFs in two subjects.
We manipulated the SCE by ﬁlters that neutralised or
doubled the SCE. Comparisons are made with previous
theoretical work and Rynders (1994) study.
2. Method
2.1. Subjects
The subjects were the two authors. Refractive cor-
rections of their healthy right eyes were DAA  2.00
DS(DAA) andþ 0:75DS/0:50DC 180 (DHS). The
eyes were cyclopleged with 1 drop of topical 1.0% cy-
clopentolate, with an additional drop applied at least
every 2 h.
2.2. Contrast sensitivity technique and experiments
The apparatus for measuring contrast sensitivity is
shown in Fig. 2. This apparatus was used previously to
measure visual acuity (Atchison et al., in press). Dis-
plays were presented on a Sony Triniton Multicsan
200PS monitor M1 5.0 m from the 6 mm aperture Ap6:0,
which was imaged onto the eye’s entrance pupil EP by
the 1 relay system consisting of 100 mm focal length
achromatic lenses L1 and L2. A lens La to correct subject
DHS’ astigmatism and any neutral density ﬁlters ND
were placed on the display side of the aperture, and
neutralising or doubling ﬁlters F were placed on the
subject’s side of the aperture. The eye and lens L2 were
moved together to correct or induce spherical refractive
errors. The eye was illuminated by infra-red diodes IR,
Fig. 1. Through-focus contrast sensitivity of subject AB in Rynders’
(1994) study, for SCE-neutralised and SCE-normal conditions. Pupil
diameter 7 mm, grating vertical, spatial frequency 10 cycles/deg.
Fig. 2. Apparatus for measuring contrast sensitivity: M1 and M2,
monitors; ND, neutral density ﬁlters; La, 0:50 DC 180 lens used
with subject DHS; F, SCE modifying ﬁlters; Ap6:0, 6.0 mm aperture; L1
and L2, relay lenses; PBS, 90/10 pellicle beam splitter; IR, illumination
ring; EP, entrance pupil of eye; VC, video-camera.
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and viewed and monitored by pellicle beamsplitter PBS,
video-camera VC and monitor M2. The subject’s head
position was ﬁxed with a bite bar under XYZ movement
control. Alignment on the pupil centre was maintained
to within 0.1 mm during measurements by an experi-
menter adjusting the bitebar as necessary.
The green gun of the monitor was used. This had a
mean luminance of 38 cd/m2 for sinusoidal gratings, a
mean wavelength of 545 nm and a full width at half
maximum luminance height of 62 nm. A white card-
board with a 2 round aperture, immediately in front of
the monitor, was illuminated by a projector to provide a
background of similar luminance and colour.
The SCE-neutralising ﬁlters reduced the eﬀective lu-
minance of the screen considerably. We determined the
neutral density ﬁlters that, without a SCE modifying
ﬁlter (the SCE-normal condition) or with the SCE-
doubling ﬁlter, matched the luminance through the
SCE-neutralising ﬁlter. The precision of this determi-
nation was < 0:1 ND. These neutral density ﬁlters
were included in the SCE-normal and SCE-doubled
conditions. Eﬀective mean screen luminances were ap-
proximately 3.3 and 5.1 cd/m2 for DAA and DHS, re-
spectively.
For the SCE-normal condition, each subject viewed a
green 0.0 logmar E letter (6/6) and adjusted the posi-
tion of the þ10D Badal optometer (head and lens L2)
until the letter was seen clearly. This was done by ap-
proaching the point of clarity from both directions 3–4
times each and taking a mean. This was taken to be the
in-focus position (it was also used for the aberration
measurements). To produce various levels of defocus,
the Badal optometer was moved towards and away from
the monitor to induce negative (hypermetropic) and
positive (myopic) defocus, respectively.
We used a visible/no-visible choice staircase algo-
rithm in which the initial contrast for all spatial
frequencies in a run was 0.4 log unit. Each stimulus
was presented for 1 s in the form of a temporal ‘‘top
hat’’ (square wave) function. The presentation was
accompanied by an auditory tone to improve reliability
by reducing spatial frequency uncertainty (Woods &
Thompson, 1993), with low spatial frequencies preceded
by a low-pitched tone and high spatial frequencies in-
dicated by a high pitched tone. The subject pressed one
of two buttons depending upon whether or not the
grating was visible. The button press triggered the next
presentation. If initially visible, the contrast decreased in
0.4 log steps until that spatial frequency was visible, and
thereafter its contrast varied in 0.1 log steps. The spatial
frequencies were randomly interleaved. The ﬁrst reversal
for a spatial frequency was ignored, and the mean was
taken as the average of subsequent reversals.
A better experimental paradigm than making the
decision about whether a grating was visible would
probably have been a criterion-free, two-alternative
forced choice between the grating being oriented verti-
cally or horizontally (e.g. Thibos, Still, & Bradley, 1996).
This was not used because of the need to limit the time
of experiments so as not to fatigue the subjects unduly,
and because initially we intended to collect results in
only one orientation for each subject (subsequently we
used a second orientation in Experiment 1).
Experiment 1 involved subject DAA only and con-
sisted of a series of contrast sensitivity measurements in-
focus, at 2D defocus, and þ2D defocus. In any run, a
maximum of 16 spatial frequencies were used. A run was
terminated after six reversals at each spatial frequency.
Each ﬁnal contrast sensitivity function contained up to
40 spatial frequencies. For each defocus and a range of
spatial frequencies, the three SCE conditions were used
in variable order, with three runs for each condition.
Results for the three runs were averaged. Where the
variability between the runs for any combination of
spatial frequency and SCE-condition was greater than
0.2 log unit, an additional run was made. For the ma-
jority of spatial frequency/SCE condition combinations,
standard deviations were < 0:1 log unit.
The above procedure was done ﬁrstly for vertical
gratings and then for horizontal gratings.
Experiment 2 was a through-focus measurement at
ﬁxed spatial frequencies involving both subjects. We
sampled in intervals of 0.2D or 0.1D out to 2D. We
used vertical gratings for DAA and horizontal gratings
for subject DHS, based on an analysis of the modulation
transfer functions derived from the aberration mea-
surements that indicated these subject-orientation com-
binations would show interesting features. The spatial
frequencies used were 2.5, 5.0, 10.0, 20 and 30 cycles/
deg. A run was terminated after 12 reversals at each
spatial frequency. For each defocus, the three SCE
conditions were used in variable order, with two runs for
each condition. Results for the two runs were averaged.
Where the variability between the runs for any combi-
nation of spatial frequency and SCE-condition was
greater than 0.1 log unit, at least one additional run was
made. For the majority of spatial frequency-SCE con-
dition combinations, standard deviations were < 0:1 log
unit.
2.3. Measuring and correcting the SCE
The apparatus has been described in detail elsewhere
(Atchison & Scott, 2002). A two-channel Maxwellian-
viewing system imaged two 1.0 mm diameter apertures
via a 1 relay system to the subject’s entrance pupil.
The apertures were illuminated by diﬀuse green diodes
(dominant wavelength for a range of standard illumi-
nants approximately 575 nm). The reference aperture
provided a background ﬁeld of 7 of approximately 93
trolands, and entered the eye through the middle of the
pupil. The source for the test aperture was electronically
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square-wave ﬂickered at 2 Hz and provided a 0.6 ﬁeld.
Refractive errors were corrected by moving the eye and
the (Badal) lens nearest it together. Threshold was ob-
tained with a descending method of limits using a button
module. Forty-nine positions across a 6 mm diameter
pupil were measured. Details regarding head stabiliza-
tion, eye monitoring and refractive error correction were
as described for the CSF apparatus.
A least-squares ﬁt program used the means (in ln
unit) to obtain function ﬁts of the form
gðx; yÞ ¼ gðxmax; ymaxÞ exp½qxðx xmaxÞ2  qyðy  ymaxÞ2	
ð1Þ
where gðx; yÞ is the sensitivity at any position (x, y ) in
the entrance pupil, ðxmax; ymaxÞ is the peak of the SCE
function relative to the centre of the entrance pupil,
gðxmax; ymaxÞ is the sensitivity at the peak of the SCE
function, and qx and qy are SCE co-eﬃcients in the x-
and y- directions. Positive values of xmax and ymax indi-
cate nasal and superior positions, respectively, of the
peak relative to the centre of the pupil.
Using the function ﬁts, optical ﬁlters were made from
photographic ﬁlm (Scott, Atchison, & Pejski, 2001) to
neutralise and approximately double the SCE. SCEs
were rechecked with the ﬁlters carefully positioned im-
mediately in front of the 1 mm test aperture.
2.4. Aberrations
Monochromatic aberrations of our subjects were
measured using the subjective vernier alignment tech-
nique described in detail by Atchison et al. (in press).
This was done under cycloplegia at a wavelength of 550
nm. In this technique, light from a reference target
passed through the whole of the subject’s pupil and light
from a test target passed through another, variable pupil
location. The targets appeared aligned if there was no
aberration associated with the pupil location. The tar-
gets did not appear aligned if there was aberration, and
the transverse movement of the test target necessary to
achieve apparent alignment measured this aberration.
The apparatus required minor adaptation of the ap-
paratus used for the contrast sensitivity experiments.
The test target was viewed through a 0.5 mm diameter
aperture that was imaged by a 1 relay system onto
the subject’s entrance pupil. The targets were eﬀectively
5.0 m from the eye. Measurements were made at 49
positions across a 6 mm diameter pupil. Details re-
garding head stabilization, eye monitoring and refrac-
tive error correction were as described for the CSF
apparatus.
From the transverse aberrations, Zernike aberration
co-eﬃcients were determined, followed by obtaining
MTFs using the auto-correlation method (Macdonald,
1971).
2.5. Contrast sensitivity predictions
Contrast sensitivities were predicted according to the
formula
CSpred ¼ CSref þMTMTref
where CSpred and CSref were the predicted and reference
log contrast sensitivities, respectively, and MT and
MTref were corresponding log modulation transfers. We
selected CSref and MTref as applying for the in-focus,
SCE-neutralised condition.
To give some quantiﬁcation to the quality of
predictions in Experiment 1 with defocus for the SCE-
neutralised condition, we calculated the root-mean-
square error (RMSE)
RMSE ¼
ﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃP
CS CSpred
 2q
n 1 ð2Þ
where CS was measured log contrast sensitivity and n
was the number of spatial frequencies tested. This ap-
proach was used by Atchison, Woods, and Bradley
(1998) and Strang, Atchison, and Woods (1999). When
CSpred < 0, these authors argued that it should be given
the value of 0 as CS could never be less than zero (100%
contrast). We believe that this may artiﬁcially reduce the
RMSE and have included tested spatial frequencies for
which CSpred < 0. In a few cases, this increases the
RMSE much beyond the value calculated using the
previous method (the examples shown in Figs. 4c and
5c). The RMSE should not be considered by itself, but
in conjunction with the shape diﬀerences between the
measured and predicted ﬁts.
3. Results
3.1. SCE measurements
SCE results are shown in Table 1. Filters performed
close to expectations based on their design, i.e. neu-
tralisation and doubling of the SCE was closely achieved
(see also Atchison & Scott (2002) and Atchison et al. (in
press)). The asterisks in the table indicate the results
used to determine theoretical CSFs. The ﬁlters were
made about 18 months before the CSF and aberrations
described here. For subject DAA, the SCE measure-
ments presented in the table were taken within two
months of the CSF measurements. For subject DHS, the
non-asterisked measurements were made before the ﬁl-
ters were made and only the asterisked measurements
were taken near the time of the experiments. For him,
there was little change over time except for a slight in-
crease in the qx values.
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3.2. Aberrations
Two sets of aberrations were taken for the subject.
Aberration contour maps are shown in Fig. 3, with
Zernike piston co-eﬃcients set to make the aberration
zero at the centre of the pupil and Zernike tilt co-eﬃ-
cients set to zero. For DHS, the Zernike C5 coeﬃcient
(Thibos, Applegate, Schwiegerling, Webb, & members
Table 1
Subject two-dimensional SCE measurements with and without SCE-modifying ﬁlters, showing mean and 95% conﬁdence limits
Subject Filter condition Run no. qx (mm
2) qy (mm
2) xmax (mm) ymax (mm) R2adjusted
DAA SCE-neut’inga 1* 0.0023 0.017 0.012 0.019 7.19 53 0.95 1.76 0.126
2 0.00046 0.016 0.0036 0.016 þ16.5 575 7.13 31.6 0.262
SCE-normal 1* 0.112 0.019 0.104 0.022 þ0.47 0.15 0.78 0.20 0.872
2 0.115 0.014 0.108 0.015 þ0.21 0.10 0.51 0.12 0.908
3 0.105 0.017 0.113 0.017 þ0.18 0.12 0.65 0.14 0.895
SCE-doubling 1* 0.229 0.015 0.206 0.015 þ0.38 0.05 0.66 0.07 0.979
2 0.226 0.019 0.204 0.019 þ0.51 0.08 0.63 0.09 0.966
DHS SCE-neut’inga 1 0.00016 0.015 0.012 0.013 89 8533 1.69 2.05 0.340
2 0.00028 0.017 0.012 0.017 þ63.5 3854 0.81 1.52 0.149
3* 0.026 0.013 0.013 0.012 0.66 0.45 þ0.97 1.12 0.402
SCE-normal 1 0.083 0.013 0.110 0.012 þ0.58 0.13 þ0.32 0.09 0.918
2 0.088 0.015 0.108 0.015 þ0.61 0.16 þ0.30 0.11 0.891
3 0.076 0.014 0.104 0.014 þ0.58 0.17 þ0.31 0.10 0.887
4* 0.106 0.015 0.103 0.015 þ0.55 0.11 þ0.31 0.11 0.902
DHS SCE-doubled 1 0.189 0.012 0.209 0.012 þ0.60 0.06 þ0.42 0.05 0.984
2 0.178 0.013 0.214 0.05 þ0.66 0.07 þ0.21 0.05 0.976
3* 0.199 0.018 0.195 0.018 þ0.55 0.08 þ0.40 0.08 0.957
* used for determining theoretical CSFs.
a ideal is qx ¼ qy ¼ 0.
Fig. 3. In-focus wave aberration functions (waves at 550 nm) for subjects. (a) DAA, 1st set; (b) DAA, 2nd set; (c) DHS, 1st set; (d) DHS, 2nd set.
Aberration functions for DHS include the 0:50DC 180 correction used with contrast sensitivity measurements.
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of the VSIA Standards Taskforce, 2000) was modiﬁed
to include the 0:50DC  180 correcting cylinder using
calculations obtained from Atchison, Scott, and Cox
(2000). For each subject, small diﬀerences can be seen in
the two sets. Subject DAA’s major Zernike aberration is
fourth-order spherical aberration (C12 ¼ 0:56 waves in
Fig. 3a), but there is also appreciable Zernike astigma-
tism C3 (0.45 waves, Fig. 3a) and Zernike coma C7
(0.30 waves, Fig. 3a). DHS has appreciable Zernike
coma C6 (0.34 waves, Fig. 3c) and Zernike fourth-order
spherical aberration C12 (0.36 waves, Fig. 3c).
3.3. Experiment 1––CSF measurements and predictions
for three defocus levels with subject DAA
Results for Experiment 1 are shown in Fig. 4 (vertical
gratings) and Fig. 5 (horizontal gratings). These ﬁgures
consist of a number of parts for the sake of clarity. Error
bars have been omitted also for the sake of clarity (as
mentioned previously, standard deviations were < 0:1
log unit for the majority of spatial frequency/SCE con-
dition combinations). Predictions for the diﬀerent SCE-
conditions are shown in the left column (a, c and e),
while measurements plus predictions for the SCE-neu-
tralised condition are shown in the right column (b, d
and f).
Considering ﬁrst the results for the vertical gratings in
Fig. 4, the left hand column shows the predicted dete-
rioration in contrast sensitivity with defocus (Fig. 4c
and e) relative to in-focus (Fig. 4a). The 2D (hyperme-
tropic) results in Fig. 4c show a non-monotonic function
containing several depressions or ‘‘notches’’. The dete-
rioration in contrast sensitivity is greater for þ2D
(myopic) defocus in Fig. 4e than for 2D defocus. The
predicted inﬂuence of the SCE is small in-focus, with less
than 0.2 log unit maximum eﬀect for the SCE-doubling
condition. SCE inﬂuence is small also with 2D de-
focus, but note that the presence of the SCE reduces the
depth of notches. The inﬂuence of the SCE is greater for
þ2D defocus, being approximately 0.2 and 0.4 log unit
for SCE-normal and SCE-doubled conditions, respec-
tively.
The measured inﬂuence of the SCE on contrast sen-
sitivity is slightly greater in-focus than is the predicted
inﬂuence, with both the SCE-normal and SCE-doubled
conditions having about 0.2 log unit greater sensitivity
than the SCE-neutralised condition (compare Fig. 4a
and b). For 2D defocus, the measured and predicted
shapes are in excellent agreement, with most of the
notches in the predicted results appearing also in the
experimental results (RMSE 0.28, compare Fig. 4c and
d). Despite the clutter of data in Fig. 4d, it is possible to
see that there is experimental reduction in the depth of
notches near 2.5 and 5 cycles/deg with doubling of the
SCE, which agrees with prediction. For þ2D defocus,
there is good agreement between measures and predic-
tion to about 4 cycles/deg, beyond which the measures
are much higher than predictions (RMSE 0.78, compare
Fig. 4e and f). However, the experimental and predicted
inﬂuences of the SCE are similar.
Considering now the results for the horizontal grat-
ings in Fig. 5, the predicted in-focus results show slightly
greater contrast sensitivity than for vertical gratings
(compare Fig. 5a with Fig. 4a). For 2D defocus, the
sensitivity loss is greater for the horizontal grating than
for the vertical grating, but the horizontal grating yields
less pronounced notches (compare Fig. 5c with Fig. 4c).
For þ2D defocus, similar sensitivity loss occurs for
horizontal and vertical gratings, but the horizontal
gratings yield more pronounced notches (compare Fig.
5e with Fig. 4e). The predicted inﬂuence of the SCE for
Fig. 4. Contrast sensitivity functions for subject DAA for vertical
gratings and the SCE-neutralised, SCE-normal and SCE-doubled
conditions in Experiment 1. (a) Predictions in-focus, (b) measurements
for in-focus; (c) predictions for 2D (hypermetropic) focus; (d) mea-
surements for 2D defocus, with predictions for the SCE-neutralised
condition; (e) predictions for þ2D (myopic) defocus; (f) measurements
for þ2D defocus, with predictions for the SCE-neutralised condition.
Pupil diameter 6 mm. Note that the horizontal scale is diﬀerent for a–b
than for c–f.
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horizontal gratings is small in-focus, with approximately
0.1 and 0.2 log unit improvements for the SCE-normal
and SCE-doubled conditions, respectively (Fig. 5a). As
for the vertical grating, at 2D defocus it is predicted
that the notches are reduced for the horizontal gratings
––these are almost eliminated for the SCE-doubled
condition (Fig. 5c). For þ2D defocus, the SCE is pre-
dicted to decrease the contrast sensitivity for the SCE-
normal condition at 5–6 cycles/deg (Fig. 5e).
The measured and predicted inﬂuences of the SCE on
in-focus contrast sensitivity are similar (Fig. 5a and b).
For 2D defocus, the agreement between measured and
predicted sensitivities is similar for horizontal gratings
(RMS 0.31, Fig. 5c and d) as for vertical gratings (RMS
0.28, Fig. 4c and d). For the horizontal gratings the SCE
reduces the depth of notches as predicted (Fig. 5c and
d). For þ2D defocus, the agreement between measured
and predicted shapes is slightly better for horizon-
tal gratings (RMS 0.69, Fig. 5e and f) than for vertical
gratings (RMS 0.78, Fig. 4e and f). For the horizontal
grating, notches occur at approximately 3 and 6 cycles/
deg as predicted. As mentioned in the previous para-
graph, the SCE-normal condition is predicted to worsen
contrast sensitivity at 5–6 cycles/deg, but this loss is not
measured here (Fig. 5f).
We note that for both predictions and measurements,
the sensitivity diﬀerences between SCE-neutralised and
SCE-normal conditions are greater than the sensitivity
diﬀerences between SCE-normal and SCE-doubled
conditions.
3.4. Experiment 2––through-focus CSF measurements
and predictions with both subjects
Results for Experiment 2 are shown in Fig. 6 (DAA,
vertical gratings) and Fig. 7 (DHS, horizontal gratings).
As with the previous experiment, the ﬁgures consist of a
number of parts with omission of error bars for the sake
of clarity. Again, predictions for the diﬀerent SCE-
conditions are shown in the left column, while mea-
surements plus predictions for the SCE-neutralised
condition are shown in the right column.
In Fig. 6, DAA shows a through-focus pattern con-
sistent with his large positive spherical aberration, which
gives a shift in the contrast sensitivity peak in the
negative (hyperopic) direction as spatial frequency de-
creases (e.g. Fig. 6a). Most of the features of the
predicted functions are seen in the measurements,
Fig. 6. Through-focus contrast sensitivities for subject DAA for ver-
tical gratings and the SCE-neutralised, SCE-normal and SCE-doubled
conditions in Experiment 2. (a) Predictions for 2.5, 10 and 30 cycles/
deg; (b) measurements for 2.5, 10 and 30 cycles/deg, with predictions
for the SCE-neutralised condition; (c) and (d) as per (a) and (b), re-
spectively, but 5 and 20 cycles/deg. Pupil diameter 6 mm.
Fig. 5. Contrast sensitivity functions for subject DAA for horizontal
gratings and the SCE-neutralised, SCE-normal and SCE-doubled
conditions in Experiment 1. Other details are as for Fig. 4.
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including several of the notches. The main feature con-
cerning the inﬂuence of the SCE is the improvement in
contrast sensitivity it gives with positive defocus (similar
to Fig. 4e and f) but not particularly for negative de-
focus except at the location of some notches (similar to
Fig. 4c and d). The predicted inﬂuence for the SCE-
doubled condition at some spatial frequencies and pos-
itive defocus is 0.5 log unit, although the measured
inﬂuence is rarely greater than 0.3 log unit. As noted
for the previous experiment, the sensitivity diﬀerences
between SCE-neutralised and SCE-normal conditions
are usually greater than the sensitivity diﬀerences be-
tween SCE-normal and SCE-doubled conditions.
The through-focus contrast sensitivity functions for
DHS in Fig. 7 are more complicated than those for
DAA, but again the SCE has more inﬂuence for positive
than for negative defocus. The inﬂuence of the SCE-
doubling condition is up to 0.5 log unit according to
both prediction and measurements, e.g. 20 cycles/deg
in Fig. 7a and b. The sensitivity diﬀerences between
SCE-neutralised and SCE-normal conditions are similar
to the sensitivity diﬀerences between SCE-normal and
SCE-doubled conditions.
4. Discussion
4.1. The inﬂuence of the Stiles–Crawford eﬀect on
contrast sensitivity
To summarise the results of Experiment 1 regarding
the inﬂuence of the SCE on contrast sensitivity for one
subject at in-focus, 2D (hypermetropic) defocus and
þ2D (myopic) defocus, the predicted and measured in-
ﬂuences are usually small, except for a vertical grating at
þ2D defocus, for which doubling the SCE has an in-
ﬂuence of up to 0.5 log unit. The through-focus Ex-
periment 2 conﬁrms the magnitude of this inﬂuence for
two subjects, with the greatest inﬂuence being again as
much as 0.5 log unit at þ2D defocus upon doubling the
SCE. In general, the agreement between the measured
and predicted eﬀects of the SCEs is excellent, and this
strongly supports the apodisation model of the SCE that
has been used in several theoretical investigations.
It is possible that we have overestimated the inﬂuence
of the SCE on contrast sensitivity, both experimentally
and theoretically, by not taking into account its retinal
illuminance eﬀects. The SCE lowers the eﬀective retinal
illuminance, and this can be easily estimated (Atchison
et al., 2000; Martin, 1954). A lower retinal illuminance
would reduce visual performance. As in this study, in
our previous study of the inﬂuence on the SCE on visual
acuity (Atchison et al., in press) we equalised the ap-
parent luminance at the three SCE-conditions. How-
ever, in the previous study we applied a correction factor
for the retinal illuminance eﬀect. For this study, we
conducted a further experiment with subject DAA by
measuring the in-focus contrast sensitivity to vertical
gratings at the luminance level used in Experiments 1
and 2, and also at both 0.3 log unit higher and 0.3 log
unit lower luminances. The contrast sensitivity varied by
about 0.12 log unit across the three luminance condi-
tions for a range of spatial frequencies (Fig. 8), i.e. 0.20
log unit change in contrast sensitivity per log unit
change in luminance. Using the asterisked values in
Table 1 and the equations of Atchison et al. (2000), the
SCE-normal and SCE-doubled conditions have photo-
metric eﬃciencies 0.15 and 0.31 log unit less than the
SCE-neutralised condition, which will lower contrast
sensitivity by 0.03 and 0.06 log unit, respectively. These
estimates of the inﬂuence of retinal illuminance on
contrast sensitivity are not large, but do amount to
Fig. 7. Through focus contrast sensitivities for subject DHS for hor-
izontal gratings and the SCE-neutralised, SCE-normal and SCE-dou-
bled conditions in Experiment 2. (a) Predictions for 2.5 and 20 cycles/
deg; (b) measurements for 2.5 and 20 cycles/deg, with predictions for
the SCE-neutralised condition; (c) and (d) as per (a) and (b), respec-
tively, but 5 and 30 cycles/deg; (e) and (f) as per (a) and (b), respec-
tively, but 10 cycles/deg. Pupil diameter 6 mm.
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about 10% of the maximum inﬂuence of the SCE in
Experiments 1 and 2.
Another point that may be considered is whether the
magnitude of the SCE parameter q should change with
the experimentally induced defocus. Inducing myopia
for a given entrance pupil will increase the angles that
peripheral rays subtend to the normal to the retina,
while inducing hypermetropia will reduce the angles.
This can be expected to have a similar eﬀect to changing
x and y in Eq. (1). We can estimate this by changing q
according to the proportional change in the square of
the angles at the retina. We made a simple model eye
consisting of a 17 mm perfect lens, with DAA’s aber-
rations imposed upon the lens. We traced rays through
the edge of a 6 mm stop placed at the lens for diﬀerent
vergences of the incoming light beam. Inducing 2D
defocus produced a 7% change in the square of the
angle, equivalent to a change in q of < 0:01 mm2 for
our two subjects. Crudely considering the inﬂuence of
the SCE on contrast sensitivity to be proportional to the
SCE, and given a maximum inﬂuence of the SCE as
being 0.3 log unit, the maximum likely inﬂuence of the
change in eﬀective q is a very small 0.02 log unit. It
should be pointed out that the eﬀective change in q with
defocus would be expected to have little eﬀect on the
diﬀerences in contrast sensitivity at the diﬀerent SCE-
conditions in our experiments, as the diﬀerences between
the q values of the ﬁlters do not change.
4.2. Discrepancies between measured and predicted CSF
results
Reasons for the discrepancies between measured and
predicted contrast sensitivity results have been consid-
ered by Atchison et al. (1998) and Strang et al. (1999).
They believed that the main reasons were weakness in
the aberration-measuring technique, including mea-
suring in only one dimension, using average SCE para-
meters, and inadequate compensations when using
ophthalmic lenses to induce the diﬀerent levels of de-
focus. None of these limitations apply to this study,
which used two-dimensional measurements, individual
SCE parameters, and defocus induced by a 1 relay
system. However, ﬁts to the SCE-neutralised condition
are similar to the previous studies (some of the RMSE
values are much higher here, but that is due to the
change in calculating the RMSE). In the following
paragraphs we consider other possible causes for the
discrepancies between measurements and predictions.
The predicted contrast sensitivities are of course de-
rived on measurements for the in-focus, SCE-neutralised
condition and are thus aﬀected by the variability of data.
Some improvement has been made here by the data at
each spatial frequency being based on two or more sets
of measurements.
Monochromatic MTFs were used to calculate pre-
dictions, but the target was quasi-monochromatic (full-
width at half maximum of 62 nm). The most likely eﬀect
of this was a reduction in the depth of measured notches
(Atchison et al., 1998; Woods, Bradley, & Atchison,
1996).
The subjects noted during the experiment that the
grating was sometimes unevenly visible across the 2
ﬁeld. This was quite common for myopic defocus. This
may be a reason for the myopic defocus results being
better than predicted. Possibly this represents a lack of
spatial isoplanatism, although we do not expect much
change in aberrations across a 2 visual ﬁeld, and even if
this did happen it would be expected to aﬀect in-focus
and hypermetropia similarly. It is an issue worth fol-
lowing up by measuring contrast sensitivity at diﬀerent
ﬁeld sizes.
Despite the improvements in aberration measure-
ments from previous studies of contrast sensitivity and
defocus, there are still shortcomings. We took two sets
of aberration measurements for each subject, and the
variability between these two sets can be seen in Fig. 3.
The predicted contrast sensitivities in Figs. 4–7 are
based upon the ﬁrst of these sets for each subject.
Agreement between the measurements and predictions
varies with the chosen set. With the second aberration
set for subject DAA, RMSE values are 0.40 (2D,
vertical gratings), 0.28 (2D, horizontal gratings), 0.86
(þ2D, vertical gratings) and 0.22 (þ2D, horizontal
gratings). Except for the last of these, they are similar to
RMSE values with the ﬁrst set. A couple of situations
are particularly interesting (Fig. 9). For the in-focus case
with vertical gratings, the predictions of the inﬂuence of
the SCE-conditions is better with DAA’s second set of
aberrations than with his ﬁrst set (compare Fig. 9a and b
Fig. 8. In-focus contrast sensitivity functions for subject DAA, vertical
gratings and the SCE-normal condition. Pupil diameter 6 mm. Eﬀec-
tive luminances: 3.2 cd/m2 (0 ND), 6.4 cd/m2 (0.3 ND) and 1.6 cd/m2
(þ0.3 ND).
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with Fig. 4a and b). For þ2D defocus with horizontal
gratings, the predictions of the SCE-neutralised condi-
tion are much better with the second set of aberrations
than with the ﬁrst set of aberrations (RMSE 0.22 versus
0.69), and the measured notch in contrast sensitivity at
about 2.8 cycles/deg with the SCE-normal condition is
predicted. Note that beyond 5 cycles/deg the SCE-nor-
mal and SCE-doubled conditions are predicted to wor-
sen contrast sensitivity, but this prediction is much too
high with the second set (compare Fig. 9c and d with
Fig. 5e and f).
4.3. Comparison with other studies
This study using 6 mm pupils gives similar magni-
tudes of the SCE inﬂuence on the modulation transfer
and contrast sensitivity as did previous theoretical
studies using similar sized pupils (Artal, 1989; Atchison,
1984; Atchison et al., 1998, 2001; van Meeteren, 1974).
We used 6 mm pupils because we believe that this
represents a reasonable upper limit to pupil sizes under
photopic conditions for which the SCE is likely to have
its maximum eﬀect. It is most likely that we would have
found a larger inﬂuence if we had used larger pupils.
Rynders’ subject AB had up to 0.4 log unit inﬂuence of
the normal SCE, relative to the SCE-neutralised condi-
tion, with a 7 mm pupil (Fig. 1), which is slightly greater
than the inﬂuence found by us (maximum for DAA and
DHS about 0.3 log units). AB was measured to have a
considerably higher than average q value of 0.15 mm2,
whereas our two subjects had slightly below average q
values at 0.11 and 0.10 mm2 (according to the large
scale study of Applegate & Lakshminarayanan (1993),
the mean and standard deviation of q are 0:115 0:029
mm2). The shapes of the through-focus results for
Rynders’ subject AB and our two subjects are similar.
Given the diﬀerences in pupil size and SCE magnitudes,
the two studies are in good agreement.
5. Conclusion
The inﬂuence of the Stiles–Crawford eﬀect on con-
trast sensitivity was measured for two subjects using a
6 mm pupil diameter, defocus to 2D, and three SCE-
ﬁlter modifying conditions (normal, neutralised and
doubled). Measured contrast sensitivities were, in gen-
eral, good matches with predicted contrast sensitivities
based on measured aberrations. The inﬂuences of the
SCE-modifying ﬁlters were generally of similar magni-
tude and direction to predictions, thus supporting the
apodisation model of the MTF. Magnitudes between
SCE-neutralised and SCE-doubled conditions were
usually small at about 0.2–0.3 log unit with a maximum
inﬂuence of 0.5 log unit. For our two subjects, inﬂuences
of the SCE were greater for myopic than for hyperme-
tropic defocus. In line with previous theoretical investi-
gations and the experimental study of Rynders (1994),
as measured by contrast sensitivity the SCE plays a
minor role in improving spatial visual performance.
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